Abstract-A new, hybrid integrated topology, fed by photovoltaic (PV) and fuel cell (FC) sources and suitable for distributed generation applications, is proposed. It works as an uninterruptible power source that is able to feed a certain minimum amount of power into the grid under all conditions. PV is used as the primary source of power operating near maximum power point (MPP), with the FC section (block), acting as a current source, feeding only the deficit power. The unique "integrated" approach obviates the need for dedicated communication between the two sources for coordination and eliminates the use of a separate, conventional dc/dc boost converter stage required for PV power processing, resulting in a reduction of the number of devices, components, and sensors. Presence of the FC source in parallel (with the PV source) improves the quality of power fed into the grid by minimizing the voltage dips in the PV output. Another desirable feature is that even a small amount of PV power (e.g., during low insolation), can be fed into the grid. On the other hand, excess power is diverted for auxiliary functions like electrolysis, resulting in an optimal use of the energy sources. The other advantages of the proposed system include low cost, compact structure, and high reliability, which render the system suitable for modular assemblies and "plug-n-play" type applications. All the analytical, simulation, and experimental results of this research are presented.
I. INTRODUCTION
I N THE PAST, centralized power generation was promoted. The power generation units were generally built away from the populated areas but close to the sites where the fuel (i.e., fossil fuel) was available. This kept the transportation cost (of the fuel) to a minimum and eliminated the possibility of pollution in populated areas. Such schemes remained quite popular until recently despite drawbacks such as Ohmic (i 2 R) losses (due to transmission of electricity through cables over long distances), voltage regulation problems, power quality issues, and expansion limitations. With the power demand increasing consistently, a stage has come when these centralized power generation units can be stressed no further. As a result, the focus has shifted to generation (and consumption) of electric power "locally" leading to "distributed power generation systems" (DGS) [1] - [4] .
At the same time, increased awareness about the importance of a clean environment and the quickly vanishing fossil fuels have given impetus to the idea of local power generation using nonconventional energy (NCE) sources (e.g., photovoltaic (PV) cells, fuel cells (FC), wind energy, etc.), which may suit a particular region and provide power at various load centers along the main power grid. Most of these sources are pollution-free and abundant. Unfortunately, they are not so reliable. For example, the PV source is not available during the nights or during cloudy conditions. Wind energy may or may not be available.
Other sources, such as fuel cells may be more reliable, but have monetary issues associated with them. Because of this, two or more NCE sources are required to ensure a reliable and costeffective power solution. Such integration of different types of energy sources into a DG system is called a hybrid distributed generation system (HDGS) [4] - [20] . A combination of PV and FC sources forms a good pair with promising features [6] for HDGS applications. Of course, the slow response of the FC needs to be compensated with an ultracapacitor or a battery (ultracapacitor is preferable due to its high energy density) [4] , [11] . A brief survey of the literature dealing with HDGS systems is presented next.
Among the earlier work, Tam and Rahman [5] have proposed an HDGS configuration shown in Fig. 1(a) . It consists of two inverters, operating in parallel, whose outputs are tied to the grid through a single, multiwinding, step-up transformer. The drawback with this otherwise elegant scheme is that it does not utilize the available sources efficiently as maximum power point tracking (MPPT) is not implemented. Later, Ro and Rahman [6] improved upon this system by introducing a two-loop controller with MPPT. Tao et al., [12] have proposed a multiinput, bidirectional dc-dc converter configuration involving a combination of dc-link and magnetic coupling. The configuration offers high boosting capability and galvanic isolation. However, it consists of multiple power processing stages with an additional dc/ac inverter stage for feeding ac loads. Thus, it requires a large number of devices.
Monai et al., [13] have proposed another HDGS configuration involving PV, FC, and battery sources that can meet the fluctuating requirements at the load end. The authors have proposed a modified Euler-type moving average prediction model for proper sharing of load among the various sources. The proposed system is a good solution for high power standalone or utility applications. Agbossou et al. [14] have proposed a hybrid system in which the excess energy generated by the renewable sources is used for producing hydrogen. Rajashekara [15] proposes another useful system, with PV and FC sources, for space applications. This system uses the PV power optimally by diverting the excess power for production of hydrogen through electrolysis. Another HDGS system with wind, PV, and battery sources has been discussed by Valenciaga et al., [7] , where they propose a control technique that not only maintains the load demand but also the state-of-charge of the battery. Blaabjerg et al., [16] have given an elaborate review of the various control and grid synchronization techniques used in HDGS systems. Some other useful HDGS configurations, based on FC, PV, and wind sources, have also been reported [17] - [20] .
Recently, a PV-and FC-fed hybrid topology has been proposed [4] , which makes use of a dedicated boost type dc-dc converter for each of the two sources, with a common inverter stage [ Fig. 1(b) ] for grid connection. The dc-dc converter stages are meant for boosting the low PV and FC voltages. The PV side converter also takes care of MPPT. One of the problems with this system is that, at very low insolation levels, the PV side dc-dc converter must be cut off to prevent its inefficient operation [21] . Thus, at small power levels, generation by the PV source remains unutilized. This may be acceptable for highpower applications, but could be a matter of concern for residential or medium-power installations [22] . If the function of the PV side dc-dc converter is merged with the inversion stage, as shown in Fig. 1(c) , even a small fraction of power generated during low insolation can be utilized.
Most HDGS configurations discussed earlier use an H-bridge inverter topology for interfacing with the grid, which either needs a line frequency bulky transformer at the output or high dc link voltage at the inverter input. This paper proposes an integrated solution for PV/FC-based HDGS using a new configuration depicted in Fig. 1(c) . The proposed system uses an inverter with boosting capability, which eliminates the requirement of high dc voltage at the inverter input, thereby saving the cost of high-voltage buffer capacitor. Various other features, working principle, control strategy and simulation, and exper- imental results for the proposed configuration are described in the subsequent sections of this paper.
II. BASIC CONCEPT, OPERATING MODES, AND SALIENT FEATURES OF THE PROPOSED SYSTEM
The proposed topology is built around a buck-boost inverter topology capable of inversion (dc-ac), boosting and bucking the voltage and MPPT. The basic idea behind the proposed integrated configuration is shown in Fig. 2(a) . A detailed view of Fig. 2(a) is shown in Fig. 2 (b) along with an example (electrolysis) application. A combination of PV and FC sources feeds the configuration. While the PV source directly feeds the inverter through a buffer capacitor, C PV , the FC source is interfaced through a buck-boost type dc-dc converter, as shown in the figure. An extra block is added across C PV to divert the excess power generated by the PV source.
The proposed system is designed to meet a certain minimum active power demand (P req ) from the grid side. PV is the main source, which is continuously made to track the MPP, while feeding the required amount of power into the grid. The FC source, with buckboost type dc-dc converter, acts as a current source in parallel with the PV source. It is only used to supplement the PV source during low or zero insolation. Thus, FC supplies only the deficit power into the grid. On the other hand, any "excess power" generated by the PV source is conditioned and diverted to an auxiliary application such as electrolysis, to produce hydrogen, which can be stored for later use by the FC source. This results in an optimal utilization of the available sources, rendering a highly economical system [14] .
The aforesaid description leads to the following three modes in which the proposed system operates: 1) Mode-I: Only PV mode (only PV provides power).
2) Mode-II: Hybrid mode (both PV and FC provide power).
3) Mode-III: Only FC mode (only FC provides power). These operating modes are summarized in Table I . Due to its unique hybrid integrated nature, the proposed configuration offers several desirable features as outlined next:
1) It obviates the requirement of a boost converter stage for conditioning the PV power, as shown in Fig Hence, only one sensor is adequate. 6) It eliminates the requirement of extra hardware for communication and coordination between various sources [24] to generate and use the available energy optimally. 7) The special configuration, in which the PV and FC sources are connected, ensures that the FC section works as a current source irrespective of the voltage magnitude at its output. This facilitates an appropriate adjustment of the PV voltage for PV's operation close to MPP. 8) Proposed configuration is a compact, low-cost, and reliable solution for HDG applications. 2) A buck-boost type dc-dc converter for conditioning the FC power. 3) A buck type dc-dc converter for conditioning and diverting excess PV power for electrolysis application. The inverter consists of two buck-boost converters connected back to back [25] , as shown in Fig. 3 . It uses two pairs of controllable devices. Each pair (SW pa and SW pb or SW na and SW nb ) is operated for one half-cycle of the grid voltage. One of the switches, SW pb (or SW nb ) in the pair is kept ON for the entire positive (or negative) half-cycle of the grid voltage, while the other, SW pa (or SW na ) operates at high switching frequency with sine triangular pulse width modulation (SPWM). The converters are made to operate in discontinuous Current mode (DCM) to feed high-quality current waveforms into the grid. The converter is designed to operate in critical conduction mode (boundary of continuous current mode (CCM) and DCM) around the peak of the grid voltage, where, twice the rated average power is being delivered to the grid. The critical conduction mode and DCM operation are shown in Fig. 4 .
When SW pa is ON, the inductor "L" stores energy. When SW pa is OFF, this stored energy is transferred into the capacitor "C f ". Since the ON/OFF times are modulated in a sinusoidal manner, current fed into the grid is also sinusoidal. The state equations governing the operation of the inverter during the positive half-cycle of the grid voltage are shown in Table II along with the corresponding active current paths. The operation and analysis during the negative half-cycle of the grid voltage is analogous.
As the inverter operates in DCM, there is a complete energy transfer from the buck-boost inductor to the grid during each high-frequency switching cycle. Assuming the switching frequency to be an integer multiple of the grid fundamental frequency (i.e., f s (= 1/T s ) = 2n × f g (1/T g )), each cycle of the grid voltage can be divided into "2n" parts or intervals. During each such interval, a definite amount of energy is being transferred. Assuming grid voltage to be constant during each switching cycle, the duty ratio, D ON (k) for the kth(k = 1, 2, . . . n) switching cycle is given by
where V sin and V tri are the amplitudes of the rectified sine wave and triangular wave, respectively. Energy "E k (inv) " transferred in the kth switching interval with modulation index "M " is given by
where V PV is the average voltage across the PV array. Thus, the total energy transferred during a fundamental cycle of the grid voltage is given by
The FC side buck-boost converter can be operated in DCM or CCM, depending on the control technique used. Due to the inherent nature of the buck-boost converter's operation, the input source never sees the output capacitor C PV . In other words, the input energy is first stored in inductor L bb , which is then transferred on to the output capacitor. The energy drawn from the FC source during one fundamental cycle of the grid voltage is given by
where, V FC and I FC are the average values of FC voltage and FC current, respectively. Since
and V FC is a function of I FC , (4) may be rewritten as follows:
where I FC and I L (bb) are the average values of the FC source current and FC side buck-boost inductor current, respectively, and D ON (FC) is the turn "ON" interval [ Fig. 4 ] of the FC side buck-boost converter. The buck converter is added to the system (as shown in Figs. 2(b) and 3) to condition the excess power (P ex ) generated by the PV source for electrolysis process. The buck converter has the advantage of having high current at the output. This helps in increasing the production of hydrogen by electrolysis [14] . The electrolysis load is represented by a resistive load (R EL ) in Fig. 3 .
IV. MPPT ALGORITHM AND CONTROL STRATEGY
The modulation index, M of the grid-connected SPWM inverter is adjusted to enable the desired power flow. The amount of power depends on the MPP, which is being tracked. Thus, the value of M is computed by the MPPT algorithm used. Various MPPT schemes are available. Unfortunately, popular MPPT techniques, like hill climbing or incremental conductance method cannot be applied because they provide slow tracking as they use a fixed and small incremental change in the modulation index to track MPP. During mode II, when FC is also feeding power into the system, small incremental changes in the modulation index will not be able to balance the input and output power across C PV , resulting in the rise of voltage across C PV . This is equivalent to shifting the PV operating point toward open circuit condition (OCC) resulting in underutilization of the PV source. Also, as the change in the modulation index can be implemented only at the start of the fundamental cycle of the grid voltage, the probability of underutilizing the PV power becomes high using slow MPPT algorithms. Therefore, it is imperative to use a fast MPPT scheme, which can counter the drawbacks of the slow schemes.
A. MPPT Scheme Used in the Proposed Topology
A fast MPPT scheme, called the "β" method [26] , was suitably modified and used for the given application. The scheme is based on the observation that the value of an intermediate variable "β", defined only at MPP condition, varies with in a narrow band (β max − β min ) as the MPP varies from P MPP(max) to P MPP(min) over the full insolation and temperature range (λ max , T max to λ min , T min ), as shown in Fig. 5 . β is a subset of β , which is applicable to any point on the P-V curve, including MPP. β is obtained [26] by using the MPP condition, ∂P/dV = 0 and is given by,
where I o is the reverse saturation current of the diode. Therefore, by tracking β using large iterative steps, the operating point can be quickly brought into a narrow band of MPP [ Fig. 5 ]. Also, controlling "β" indirectly controls the operating voltage (OV) of the PV array, which helps in balancing the power across capacitor C PV .
It is important to note that problems may arise during the lowinsolation phase when the generated PV power is very small and the value of "M", as computed by the MPP algorithm, is small. Under such conditions, as FC continues to feed the deficit power, this will result in a voltage increase across C PV due to imbalance between the input and output power. This may lead to shifting of OV of the PV array toward the OCC. The array will remain at OCC even when high or normal insolation is restored and the system will continue to draw the required power from FC. To avoid such a situation, the algorithm has been suitably modified to ensure that the PV array voltage is always less than or equal to a critical voltage (V crit ), which is less than the PV array's V OC . Whenever the array voltage goes beyond V crit (which occurs only when the power drawn from the FC is not fed into the grid due to the low value of M) and array power is less than the minimum power P min , the modulation index is set to a fixed value (M con ) by the algorithm. This ensures that V PV ≤ V crit . The complete flowchart of the proposed MPP tracking algorithm is shown in Fig. 6 . In the given flowchart, the average values of V PV and I PV are processed to obtain the current value of β . Then, P PV is calculated and its value is compared with the set minimum value. The value of β is also checked for whether its magnitude lies within the MPP range. If the PV power is less and β lies within the range, it corresponds to the minimum insolation condition. This initiates mode III operation with a set, fixed value of "M".
An additional advantage of the β method is that β and β crit values themselves serve as an indicator of low-or zero- insolation conditions, which helps in deciding the intershuffling of operation between modes I-III.
B. Control of Converters and Intershuffling Between Modes
The power transferred to the grid depends upon the value of M and V PV during mode-1 and upon M, V PV and D ON (FC) during modes II and III. Equations (3) and (5) show that the amount of power transferred through the inverter is determined by the values of V PV and M. The control scheme adjusts the value of m according to the MPPT requirement, which, in turn, adjusts V PV . The power supply from FC (controlled through D ON (FC)) is not affected by this because the FC source is not a stiff dc source. The Basic power flow scheme and the control variables used in the proposed HDGS configuration are shown in Fig. 7 . Excess power, P ex generated by the PV source is diverted for electrolysis application through a buck converter. Hydrogen, the end product of electrolysis, is stored and may be used by the fuel cell to feed P def at a later time.
The overall control scheme comprises of three independent control loops, which work in coordination with each other. These are:
1) SPWM control of inverter along with MPPT.
2) FC side dc-dc converter control.
3) Excess power control (control of dc-dc buck converter). Fig. 8 shows the complete control strategy and the truth table for the logic controller used in the proposed system. When P req > P PV , the logic controller turns ON the control for extracting P def from the FC and turns OFF the control diverting P ex for electrolysis and vice versa. The individual controllers corresponding to the excess or deficit power are controlled by the logic controller and are not turned on simultaneously. Details of the two controllers are described next.
1) SPWM Control of Inverter Along With MPPT:
The inverter is operated using the SPWM technique to feed the sinusoidal current into the grid during all the three operating modes [ Fig. 8(a) ]. This control loop ensures the operation of the PV system at an optimum voltage corresponding to the MPP of the PV array in modes I and II. As described earlier, the MPPT algorithm also predicts the condition for entering Mode-III (only FC mode) based on the values of β , V PV , and P PV . In this operating mode, the controller shifts to a fixed modulation index, M con , which maintains a critical voltage "V crit " across the PV array. This is achieved by incorporating this feature in the MPPT algorithm itself. The value of M con can be calculated as follows. Equating the input and output energy of the converter in steady state for the kth division, assuming unity power factor operation (i.e., grid voltage and current in phase and both sinusoidal) yields
where, V g and I g are the peak values of the grid voltage and current, respectively, while I pk is the peak value of i dc . Simplifying (7) near the peak of grid voltage (i.e., k = n/2), using (1), and solving for "M"(= M con ) gives
During mode-III, the possibility of reverse current flowing into the PV array is prevented due to the presence of a protection diode, D Pr [ Fig. 3 ].
2) FC side dc-dc converter control: Fig. 8(b) shows the control block used for the FC side dc-dc converter. If PV power falls below P req , the logic controller activates the control of the buck-boost converter to feed deficit power from the FC source. It is observed from (5) that the power drawn from the FC source can be controlled by modulating D ON (FC), irrespective of the voltage across C PV . Effectively, the converter acts as a current source [Appendix A], feeding current, corresponding to the deficit power, P def . The deficit power that should be fed into the grid can be calculated as
Another way to determine P def is by subtracting P req from the average output power, P o . However, a PI controller is required in this case to correctly maintain the required power reference and D ON (FC). This is because P o may already contain a component supplied by the FC. The presence of PI, however, slows down the response. Therefore, in this research, (9) has been used to determine P def . The ratio P def /V PV provides the desired value of i FC , which is " (1 − D ON (FC) )" times the average value of the inductor (L bb ) current. This is the desired reference current, I ref L(bb) that should flow through L bb and is given by
A fast hysteresis current controller makes the buck-boost inductor current track this reference by controlling D ON (FC), which results in the FC source supplying P def .
3) Excess Power Control:
The logic controller activates the control of the buck converter, when PV power is more than the required power. Fig. 8(c) shows the control scheme. In the control block of the buck converter, the average output power, P o is computed using the sensed grid current (assuming constant V g ). P o is compared with the reference power (= P PV − P req ) to calculate the error. The error is then fed into a PI controller, which modulates the duty ratio, D Elec of the buck converter V. DESIGN PROCEDURE Design of the proposed HDGS system involves the design of the three power converters described in the previous section. It includes the determination of the values of capacitors and inductors, which is presented in this section, and the ratings of the various power devices used in the system, which is obtained with simulations in Section VI. Table III summarizes the design values of the various components.
A. Design of Inverter
It involves the design of buck-boost inductor L, capacitor C f and inductor L f [25] . Design values of the parameters are
where ∆V g and ∆V PV are the allowed maximum ripple in the grid and PV voltage, respectively, P PV(rated) is the maximum rated power extracted from the PV array and f c is the lowest cutoff frequency determined by the circuit parameters of the inverter configuration. l can have any value satisfying (11), but is optimally chosen such that the converters operate in critical conduction mode at the peak of the grid voltage.
B. Design of FC Side dc-dc Converter
The FC side dc-dc converter is required to supply the deficit power to the grid. It acts as a voltage-fed controlled current source. Thus, a proper design of inductor L bb is critical. As the FC supplies the deficit power under the control of a hysteresis controller, the design of L bb should ensure that the converter operates in CCM. Let ∆I be the allowed ripple in the inductor current. Then, the values of inductor and capacitor are given by where V FC and ∆V FC are the average value of and the allowed ripple in the fuel cell voltage, respectively.
C. Buck Converter Design
Design value of the inductor used in the buck converter is given by
where, V El is the output voltage across the electrolysis load and ∆I buck is the allowed ripple in the buck inductor current.
VI. SIMULATION AND HARDWARE RESULTS
The proposed configuration, along with the control scheme [ Fig. 8 ], is simulated using the MATLAB/SIMULINK. Design values of the components obtained in Section V [Table III ] were used. PV and FC sources are realized in the MATLAB Function with the help of their governing equations [26] - [28] . FC steady state response is considered with the assumption that the FC source is coupled with an ultracapacitor to improve its transient response. The inverter and the boost converter are simulated in the SIMULINK using the state equations given in Table II . Specifications of the PV and FC sources, used in the simulations, are as follows: PV source: Open circuit voltage, V oc ≈ 125 V ; short-circuit current, I sc = 7.6 A. FC source: V oc = 69 V ; I sc = 42 A. The system is required to feed 500 W (=P req ) into the grid. The inverter system is designed for 1 kW power. The ratings of the various devices used in the system were ascertained by simulations and are listed in Table III . Fig. 9 shows the simulation results of the basic HDGS configuration without excess power control. Results corresponding to low, medium, and high values of λ are shown. It is observed that beginning at t = 0 s, when λ is negligible, FC supplies the entire P req (=500 W). Around t = 1.2 s onwards, λ value picks up and the PV power increases. The power drawn from the FC automatically decreases, such that P PV (t) + P FC (t) = P req . As the PV source operates near MPP, an optimal utilization of the two sources is ensured. At t = 3 s onwards, λ value improves further and the entire P req is supplied by the PV. P FC reduces to zero. Any excess power generated by the PV is also fed into the grid, because there is no excess power diversion. It is observed that the proposed system is able to supply the required power (P req ) under all conditions and for all the three modes as shown in the figure. In addition, there is a smooth transition between the various modes (denoted by T1 and T2 in Fig. 9 ) while maintaining P req . Fig. 9 also shows the variation of other parameters like voltage, current, modulation index (M) of SPWM, etc., during transition and operation in various modes. 10 shows simulation results obtained by incorporating excess power control. The excess PV power (P ex ) is diverted for electrolysis application through a buck converter. This prevents any grid voltage surge in mode-I due to pumping. of excess power into the grid. Further, P req . is always fed into the grid with PV array operating near MPP. A small-step increment in the environmental conditions near 7.9 s shows corresponding increase in diverted power in steady state with the PV array operating at MPP. To demonstrate the usefulness of placing an FC source in parallel with the PV source, simulations were performed with and without the FC source in the circuit, for a step change in insolation. Fig. 11 shows the results. It is observed that the presence of FC eliminates the transient dips in the PV array voltage and current, which, in turn, improves the MPPT speed and efficiency of the system. Further, the grid current total harmonic distortion (THD) during the transients is lower in the presence of the FC.
An experimental prototype of a 300 W system was built to verify the simulation results and other theoretical claims. Due to the nonavailability of the fuel cell source, a DC source was used in the experiments, which can be justified by the fact that the performance of an FC source, with a reformer and an ultracapacitor, is close to a stiff dc source [4] . Component values used in the prototype are: C PV = 2000 µF; L = 310 µH; C f = 2.2 µF; L f = 3.25 mH; L bb = 0.7mH and L buck = 2 mH. Controllable power devices used are MOSFETs IRFP460, while the power diodes used are CSD20060. Other specifications include V PV ≈ 90 V, V FC = 50 V and V g = 140 V. To implement the control scheme depicted in Fig. 8 , TMS320LF2407 digital signal processor was used. A DSP controller was preferred to enable the computation of the average values of the sensed PV voltage and current using fast fourier transform and implementation of the MPPT algorithm. Also, it was used for computation of P o , I ref L(bb) , etc. LEM current sensors are used for sensing the instantaneous values of i PV , i L (bb) and i grid . The PI and hysteresis controllers were implemented using JFET input-stage operational amplifiers TL084 having high input impedance, bandwidth, and slew rate. Fig. 12 depicts the PV side waveforms for mode II. Fig. 13 shows the current and voltage waveforms of the dc source used in place of the FC source. Fig. 14 shows the voltage and current waveforms of the inverter section across C f and inductor "L" respectively. Fig. 15 gives the grid-side experimental waveforms of voltage, current, and power. It is observed that the grid current THD is on the higher side. This can be attributed to a slightly distorted grid voltage.
VII. CONCLUSION
A compact topology, suitable for grid-connected applications has been proposed. Its working principle, analysis, and design procedure have been presented. The topology is fed by a hybrid combination of PV and FC sources. PV is the main source, while FC serves as an auxiliary source to compensate for the uncertainties of the PV source. The presence of FC source improves the quality of power (grid current THD, grid voltage profile, etc.) fed into the grid and decreases the time taken to reach the MPP. Table IV compares the system performance with and without the FC block in the system. A good feature of the proposed configuration is that the PV source is directly coupled with the inverter (and not through a dedicated dc-dc converter) and the FC block acts as a current source. Considering that the FC is not a stiff dc source, this facilitates PV operation at MPP over a wide range of solar insolation, leading to an optimal utilization of the energy sources. The efficiency of the proposed system in mode-1 is higher (around 85% to 90%) than mode 2 and 3 (around 80% to 85%). A laboratory prototype of the proposed system has shown encouraging results in terms of efficiency, complexity, reliability, EMI concerns, and other features. Table V compares the proposed system and some of the existing HDGS configurations with respect to various parameters and features.
APPENDIX
The state-space-averaged [29] equations for the integrated system, consisting of FC side dc-dc converter and the inverter, corresponding to the positive half-cycle of the grid voltage are 
Continuous time-domain large-signal equivalent circuit corresponding to (A1)-(A6) is shown in Fig. 16 . It is observed that the FC source in conjunction with the buck-boost converter acts as a current source (L 1 tends to be large).
